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Cytomegaloviruses (CMVs) establish lifelong infections that are controlled in part by CD4� and CD8� T cells. To promote per-
sistence, CMVs utilize multiple strategies to evade host immunity, including modulation of costimulatory molecules on infected
antigen-presenting cells. In humans, CMV-specific memory T cells are characterized by the loss of CD27 expression, which sug-
gests a critical role of the costimulatory receptor-ligand pair CD27-CD70 for the development of CMV-specific T cell immunity.
In this study, the in vivo role of CD27-CD70 costimulation during mouse CMV infection was examined. During the acute phase
of infection, the magnitudes of CMV-specific CD4� and CD8� T cell responses were decreased in mice with abrogated CD27-
CD70 costimulation. Moreover, the accumulation of inflationary memory T cells during the persistent phase of infection and the
ability to undergo secondary expansion required CD27-CD70 interactions. The downmodulation of CD27 expression, however,
which occurs gradually and exclusively on inflationary memory T cells, is ligand independent. Furthermore, the IL-2 production
in both noninflationary and inflationary CMV-specific T cells was dependent on CD27-CD70 costimulation. Collectively, these
results highlight the importance of the CD27-CD70 costimulation pathway for the development of CMV-specific T cell immu-
nity during acute and persistent infection.

During the millions of years of coevolution with their verte-
brate hosts, cytomegaloviruses (CMVs), members of the be-

taherpesvirus family, have developed numerous viral immune
evasion mechanisms to promote their lifelong persistence (1, 2).
The successful adaption of CMV is exemplified by the universal
presence of human cytomegalovirus (HCMV) in the world’s pop-
ulation (3). Although HCMV infection is generally asymptomatic
and harmless in healthy individuals, it can become life threatening
in cases of developmental or acquired immune deficits. In partic-
ular, primary CMV infection during pregnancy can result in con-
genital infection of the infant, with severe neurological sequelae
(4). Furthermore, severe HCMV-associated disease oftentimes
develops in HIV-infected patients, CMV-seronegative individuals
who receive organ transplants from CMV-seropositive donors,
and recipients of CMV-infected allogeneic bone marrow (5).

Clinical investigations and findings in experimental models of
CMV, such as mouse CMV (MCMV) and rhesus macaque CMV
(rhCMV), have established a critical role for CD4� and CD8� T
cells in the control of CMV infection. Whereas CMV-specific
CD4� T cells are particularly important during the primary phase
of infection to control viral replication, CD8� T cells are instru-
mental during reactivation of the virus and confer superior pro-
tection during reexposure (6–11). Moreover, immunotherapy
with CMV-specific T cells offers the best protection when both
CD4� and CD8� T cells are adoptively transferred (5, 12). Upon
CMV infection, a heterogeneous CD8� T cell response develops,
and during the acute and persistent phases of CMV infection,
CD8� T cells with dissimilar characteristics prevail (13, 14). CD8�

T cells that develop into central memory-like (CD127� CD62L�

KLRG1� IL-2�) cells undergo expansion during acute CMV in-
fection, followed by contraction and stable maintenance at low
frequencies. During the persistent phase of infection, CD8� T cells

specific for certain CMV epitopes increase in frequency and are
maintained at high levels throughout infection. The T cells that
undergo this so-called memory T cell inflation are characterized
by an effector memory phenotype (CD127� CD62L� KLRG1�

IL-2�/�) (15). Memory inflation has also been observed for CMV-
specific CD4� T cells (16). Due to the induction of large numbers
of functional effector memory T cells, CMV is an interesting can-
didate to explore as a vaccine platform for chronic viral infections
and cancer (15). The factors that control the inflationary T cell
pool are only beginning to be understood, and understanding
such factors is pivotal for further exploiting CMV-based vaccines.

The loss of the costimulatory receptor CD27 on circulating T
cells seems to be associated uniquely with HCMV infection in
comparison with other (persistent) viral infections (17–20), and it
is particularly related to inflationary rather than noninflationary T
cells (13, 21). Furthermore, in vitro studies indicated that CD70,
the only known ligand for CD27, might be a key regulator in
determining the size and phenotype of the CMV-specific T cell
pool (19). However, the physiological role of the costimulatory
receptor-ligand pair CD27-CD70 during CMV infection is un-
clear. Here we determined the in vivo role of CD27-CD70 co-
stimulation in a murine CMV model and found that the develop-
ment of both noninflationary and inflationary memory T cell
responses, as well as the ability to undergo secondary memory
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expansion and autocrine interleukin-2 (IL-2) production, is
highly dependent on this costimulatory receptor-ligand pair.
These results highlight the importance of CD27-CD70 costimula-
tion as a key molecular interaction in the development of T cell
immunity to CMV.

MATERIALS AND METHODS
Mice. C57BL/6 mice were purchased from Charles River (L’Arbresle,
France) and were used as wild-type (WT) mice. Ovalbumin-specific T cell
receptor (TCR) transgenic OT-I mice and the congenic strains Thy1.1
(CD90.1) and Ly5.1 (SJL; CD45.1), all on a C57BL/6 background, were
obtained from The Jackson Laboratory. CD27�/� mice were made on a
129/Ola background and backcrossed for 8 generations to a C57BL/6
background (22). CD70Cre/Cre mice, in which CD70 expression is lost due
to replacement of exon 1 of the CD70 gene with the Cre recombinase
coding sequence, were generated as described previously, on a 129/Ola
background, and backcrossed by speed congenics to a C57BL/6 back-
ground (23). Mice were maintained under specific-pathogen-free condi-
tions at the Central Animal Facility of the Leiden University Medical Cen-
ter and were 8 to 12 weeks of age at the start of each experiment. All animal
experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and were performed according to the
guide to animal experimentation set by the Leiden University Medical
Center and to the Dutch Experiments on Animals Act, which serves to
implement the Guidelines on the Protection of Experimental Animals by the
Council of Europe (24).

Virus preparation, quantification, and infection. MCMV-Smith
(VR-194) was obtained from the American Type Culture Collection (Ma-
nassas, VA), and this wild-type virus was prepared from the salivary
glands of infected BALB/c mice as described previously (25). MCMV-
�m157 has been described previously (26) and is derived from the
MCMV bacterial artificial chromosome (BAC) pSM3fr. MCMV-OVA
was obtained from Geoffrey R. Shellam (School of Biomedical, Biomolec-
ular and Chemical Sciences, Crawley, Western Australia, Australia).
Stocks of the viral recombinants (MCMV-�m157 and MCMV-OVA)
were propagated in NIH 3T3 cells and were prepared as reported previ-
ously (25). Gender- and age-matched mice were infected intraperitone-
ally (i.p.) with 1 � 104 or 5 � 104 PFU of salivary gland-derived MCMV-
Smith, 1 � 104 PFU of MCMV-�m157, or 5 � 105 PFU of MCMV-OVA.
Viral titers of virus stocks or infected tissues were determined by plaque
assays. In short, serial dilutions of virus stocks or organ homogenates were
added to monolayers of NIH 3T3 cells in 12-well dishes. The monolayers
with virus stocks were incubated for 1 h at 37°C, and the monolayers with
organ homogenates were incubated for 5 min at 37°C followed by centrif-
ugation at 400 � g for 10 min and an additional 5 min of incubation at
37°C. After incubation, inoculums were removed and cells were covered
in 5% carboxymethyl cellulose-containing medium. After 5 days, the
monolayers were washed, fixed, and stained with crystal violet solution to
visualize plaques.

Lymphocytic choriomeningitis virus (LCMV) Armstrong and clone
13, obtained from Shane Crotty (La Jolla Institute for Allergy and Immu-
nology, La Jolla, CA), were propagated in BHK cells, and the titers were
determined by plaque assays on Vero cells as described previously (27).
For acute LCMV infection, mice were infected i.p. with 2 � 105 PFU
LCMV Armstrong. For chronic LCMV infection, mice were infected in-
travenously (i.v.) via retro-orbital injection with 2 � 106 PFU LCMV
clone 13.

In vivo antibody treatment. Hybridomas were cultured in Life Tech-
nologies protein-free hybridoma medium II (Invitrogen), and monoclo-
nal antibodies were purified using protein G columns. For in vivo anti-
body treatment during the acute phase of MCMV infection, 150 �g of
anti-mouse CD70 antibody (clone FR70) or control rat IgG was admin-
istered on days �1, 0, and 3 postinfection. For CD70 blocking over a
prolonged period, mice received 150 �g anti-CD70 antibody or control
IgG once every 3 days. No signs of serum sickness (immune complex

hypersensitivity) were observed during long-term antibody treatment.
Serum levels of FR70 were detected by an enzyme-linked immunosorbent
assay (ELISA) using purified polyclonal and biotin-labeled anti-rat anti-
bodies (BD Pharmingen). To deplete CD4� T cells, mice received 200 �g
anti-mouse CD4 antibody (clone GK1.5) on days �1, 0, and 3 after infec-
tion. To deplete CD8� T cells, mice received 200 �g anti-mouse CD8
antibody (clone 2.43) on days 3 and 5 postinfection. For depletion of
CD8� T cells prior to adoptive transfer, mice received 75 �g anti-CD8
antibodies on day �7. All antibodies were administered in 400 �l phos-
phate-buffered saline (PBS) by i.p. injection.

Flow cytometry. Single-cell suspensions were prepared from spleens
by mincing the tissue through a 70-�m cell strainer (BD Biosciences).
Erythrocytes were lysed in a hypotonic ammonium chloride buffer. Be-
fore livers and lungs were removed, mice were perfused with PBS contain-
ing EDTA to remove all blood-associated lymphocytes. Lymphocytes
were isolated from these organs by collagenase and DNase treatment for
0.5 h, followed by Percoll gradient centrifugation. The magnitudes and
characteristics of the MCMV-specific T cell responses were determined by
major histocompatibility complex (MHC) class I tetramer staining and/or
intracellular cytokine staining as described elsewhere (28, 29). Conjugated
monoclonal antibodies to mouse CD3 (V500), CD4 (phycoerythrin [PE]-
Cy7), CD4 (Qdot-605), CD8 (Alexa 700), CD8 (peridinin chlorophyll
protein [PerCp]-Cy5.5), CD25 (fluorescein isothiocyanate [FITC]), CD27
(FITC), CD44 (eFluor450), CD45.1 (eFluor450), CD45.2 (eFluor780),
CD62L (eFluor450), CD62L (eFluor780), CD69 (eFluor450), CD90.1
(PerCp), CD90.2 (PE-Cy7), CD127 (biotin), CXCR3 (PE), DX5 (PE),
gamma interferon (IFN-�) (allophycocyanin [APC]), IL-2 (PE), KLRG-1
(PE-Cy7), Ly49H (APC), NK1.1 (APC-Cy7), PD-1 (PE), tumor necrosis fac-
tor (TNF) (FITC), and V�2 (PE) were purchased from eBioscience or BD
Biosciences. Streptavidin-PE (eBioscience) was used to detect biotinylated
antibodies. Dead cells were excluded by positivity for 7-aminoactinomycin D
(7-AAD) (Invitrogen). Flow cytometric acquisition was performed on a BD
LSR II flow cytometer (BD Biosciences), and cell sorting was performed on a
BD FACSAria II flow cytometer (BD Biosciences). Data were analyzed using
FlowJo software (TreeStar).

Peptides and MHC tetramers. The following class I-restricted peptides
were used: M45985–993, m139419–426, M38316–323, IE3416–423, M57816–824,
M3347–55, M44130–138, M788–15, M861062–1070, and m14116–23. The following
class II-restricted peptides were used: m09133–147, M25409–423, m139560–574,
and m14224–38. MHC class I tetramers for MCMV M45 (Db restricted), M57,
m139, M38, and IE3 (all Kb restricted) and for LCMV GP33 and NP396 (both
Db restricted) were produced as described elsewhere (30).

Adoptive transfers, in vivo cell division, and secondary expansion.
Splenic CD8� T cells were used for adoptive transfer experiments and
were isolated using a CD8� T cell enrichment kit (Miltenyi Biotec) ac-
cording to the manufacturer’s protocol. Naive Thy1.1 (or Ly5.2) recipi-
ents received 8 � 106 CD27�/� (Ly5.1 and Thy1.2) CD8� T cells and 8 �
106 CD27�/� (Ly5.2 and Thy1.2) CD8� T cells via retro-orbital injection,
and 24 h later these mice were infected with 1 � 104 PFU MCMV-Smith.
One week prior to the CD8� T cell adoptive transfer, Thy1.1 mice received
75 �g of a CD8� T cell-depleting antibody (clone 2.43) via i.p. injection to
facilitate the expansion of the newly introduced CD8� T cells. At the time
of adoptive transfer, �1% host CD8� T cells were detected in the blood.
On day 8 postinfection, the magnitude and phenotype of the MCMV-
specific CD8� T cell response (specifically of the adoptively transferred
CD27�/� Ly5.1 and CD27�/� Ly5.2 CD8� T cells) were determined by
tetramer staining combined with staining for congenic markers (Ly5.1,
Ly5.2, Thy1.1, and Thy1.2) and CD127.

To determine in vivo cell division, 5 � 106 CD8� T cells isolated from
naive WT or CD27�/� mice were labeled with 2.5 �M carboxyfluorescein
succinimidyl ester (CFSE; Invitrogen) and adoptively transferred into na-
ive Ly5.1 mice that were depleted of CD8� T cells as described above. All
mice were infected with 1 � 104 PFU MCMV-Smith 3 h later. At day 3
postinfection, cell division was determined by analyzing the CFSE dilu-
tion profiles of the adoptively transferred CD8� T cells in the spleen.
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To determine the secondary expansion capacity of memory CD8� T
cells that developed during proficient or deficient CD27 costimulation,
i.e., WT and CD27�/� memory CD8� T cells, mice were infected with 1 �
104 PFU MCMV-�m157. At day 45 postinfection, M45- and M38-specific
CD8� T cells were sorted, and 2 � 103 M45- and 5 � 103 M38-specific WT
or CD27�/� CD8� T cells were transferred via retro-orbital injection into
naive Thy1.1 mice. Smaller numbers of M45-specific CD8� T cells than
M38-specific T cells were transferred, as this reflects the in vivo situation in
case of reinfection. The recipient mice were infected 3 h later with 1 � 104

PFU MCMV-Smith or MCMV-�m157, and at day 7 postinfection, the
fold expansion of the donor M45- and M38-specific CD8� T cell popula-
tions in the spleen was determined by tetramer staining. The absolute
numbers of donor M45- or M38-specific Thy1.2� CD8� T cells in the
spleen were determined by multiplying the frequencies of these cells in the
total splenic population by the total number of splenic cells. Fold expan-
sion was calculated by dividing the absolute numbers of donor M45- and
M38-specific CD8� T cells in the spleen by the number of adoptively
transferred cells. To determine the secondary expansion of CD27-profi-
cient (WT) memory CD8� T cells in a situation where CD27-CD70 co-
stimulation is lacking during rechallenge, Thy1.1 mice were infected with
MCMV-Smith. At day 45 postinfection, M38-specific CD8� T cells were
sorted, and 4 � 103 M38-specific CD8� T cells were transferred i.v. into
Thy1.2 recipients that received blocking anti-CD70 or control IgG before
and after transfer (at days �1, 0, and 3). Recipient mice were infected with
1 � 104 PFU MCMV-Smith 3 h after adoptive transfer. Fold expansion
was calculated at day 7 postinfection, by dividing the absolute number of
Thy1.1� M38-specific CD8� T cells in the spleen by the number of adop-
tively transferred M38-specific CD8� cells.

To determine the expansion, survival, and secondary expansion ca-
pacity of WT OT-I and CD27�/� OT-I cells, 2 � 103 cells were transferred
via retro-orbital injection into naive Ly5.1 recipients. Recipient mice were
infected 3 h later with 5 � 105 PFU MCMV-OVA. At day 7 and later time
points postinfection, the percentage of OT-I T cells in the blood was
determined. Six months after primary infection, recipients received a sec-
ondary infection with 5 � 105 PFU MCMV-OVA, and 5 days later, the
percentage of OT-I T cells in the spleen was determined.

In vivo cytotoxicity assay. Splenocytes of naive Ly5.1 mice were
loaded with class I peptides (M45, M38, and IE3) for 1 h at 37°C or
were used unpulsed (no-peptide control). After extensive washing, cells
were labeled with high or low concentrations of CFSE (Invitrogen) and
the proliferation dye eFluor670 (eBioscience). Populations were pooled
and injected i.v. (5 � 106 per labeled population) into naive mice or
CD27�/� or WT mice that had been infected 8 or 30 days before with 1 �
104 PFU MCMV-�m157. After 3 h (day 8 postinfection) or 5 h (day 30
postinfection), spleens were isolated from recipient mice, and killing was
determined by flow cytometry. The relative survival of each population
was calculated compared to the same population in naive recipients by
using the following formula: {100 � [(percentage of pulsed peptide in
infected mice/percentage of unpulsed peptide in infected mice)/(percent-
age of pulsed peptide in naive mice/percentage of unpulsed peptide in
naive mice)]} � 100.

Statistical analysis. Statistical significance of the cellular responses
was determined with the Student t test. Statistical significance of viral
titers was determined with the Mann-Whitney test. P values of 	0.05 were
considered significant. GraphPad Prism software was used for all statisti-
cal analyses.

RESULTS
Loss of CD27 expression uniquely identifies inflationary mem-
ory T cells during CMV infection. In humans, a strong correla-
tion has been found between HCMV seropositivity and the loss of
CD27 expression on HCMV-specific T cells (17–20). To deter-
mine the kinetics of CD27 expression on MCMV-specific T cells,
mice were infected with MCMV-Smith, and noninflationary
(M45-specific) and inflationary (m139-, M38-, and IE3-specific)

CD8� memory T cell responses (14) were longitudinally followed
in the blood by combined tetramer and CD27 staining (Fig. 1A
and B). During acute MCMV infection, both noninflationary and
inflationary T cell populations expressed high levels of CD27,
whereas in persistent CMV infection, specifically the inflationary
T cells gradually lost the expression of CD27. This loss of CD27
expression on MCMV-specific inflationary T cells, however, does
not reflect an absolute downregulation (see comparison with
CD27�/� CD8� T cells in Fig. 1F).

To determine if the loss of CD27 on virus-specific T cells is a
general phenomenon observed during persistent infections, mice
were infected with two different strains of LCMV that establish
either a chronic (clone 13) or acute (Armstrong) infection (31). In
contrast to MCMV-specific inflationary T cells, the majority of the
LCMV-specific CD8� T cells retained CD27 expression through-
out both acute and chronic infections (Fig. 1C and D). The expres-
sion levels of CD27 on noninflationary MCMV- and LCMV-spe-
cific T cells were comparable (Fig. 1E). Taken together, these data
indicate that the loss of CD27 appears to be specific for inflation-
ary memory CD8� T cells during persistent CMV infection.

CMV-specific CD4� T cell responses are dependent on
CD70-mediated costimulation. To determine the physiological
role of CD27-CD70 interactions in CMV infection, CD70-medi-
ated costimulation was inhibited during acute MCMV infection
by the administration of a blocking, nondepleting anti-CD70 an-
tibody (clone FR70) (32). At early time points postinfection, no
differences in viral load were observed in the livers and lungs of
control antibody-treated mice and mice with CD70 blockade
(Fig. 2A). The absolute number of NK1.1� CD3� cells in the
spleen was also not significantly different at day 3 following infec-
tion, which is consistent with a comparable viral load (Fig. 2B).
Furthermore, a similar expression of the early activation marker
CD69 was found on NK1.1� CD3� cells at this time (Fig. 2C).
These results indicate that CD27-CD70 interactions do not sub-
stantially alter the NK cell activity and viral load during the very
early phases of acute CMV infection.

At day 8 postinfection, however, the viral load in the salivary
glands was higher in mice with abrogated CD27-CD70 interac-
tions (Fig. 2D). To examine whether CD4� or CD8� T cells con-
trol viral replication at this time point after infection, these T cell
subsets were depleted upon infection. Whereas in the absence of
CD4� T cells the viral titer was increased in the salivary glands,
depletion of CD8� T cells had no effect on viral control (Fig. 2E).
Also, at day 30 postinfection, anti-CD70 antibody-treated mice
had increased virus production in the salivary glands compared to
control antibody-treated mice (Fig. 2D). At this time point, CD4�

T cells still play a critical role in controlling CMV replication in
tissues, especially in the salivary glands (10, 28, 33). To determine
the importance of CD27-CD70 interactions for the development
of MCMV-specific CD4� T cell responses, we determined the
magnitude of this response in anti-CD70 and control antibody-
treated mice by intracellular cytokine staining after restimulation
with MCMV-specific class II-restricted peptides (16). The CD4�

T cell responses to various class II epitopes were reduced �2-fold
in mice with abrogated CD27-CD70 interactions (Fig. 2F), indi-
cating that CD27-CD70 costimulation regulates viral replication
via downsizing CMV-specific CD4� T cell responses.

CD27-CD70 costimulation promotes the expansion of
CMV-specific CD8� T cells during acute CMV infection. To de-
termine the role of CD27-CD70 costimulation in regulating the
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magnitude of CMV-specific CD8� T cell responses, both nonin-
flationary (stable) and inflationary responses were analyzed by
MHC class I tetramer staining. On day 8 following infection, the
response to the noninflationary epitope M45 was reduced �3-
fold in mice with abrogated CD27-CD70 costimulation compared
to control mice (Fig. 3A and B). In addition, the magnitude of the
m139-specific CD8� T cell response, which expands similarly to
M45-specific responses during acute MCMV infection but has
inflationary properties during the persistent phase of infection,
was reduced �2.5-fold. No significant differences were observed
for the M38-specific CD8� T cell response, indicating that this
inflationary epitope is less dependent on CD27-CD70 costimula-
tion in the acute phase of MCMV infection.

Recently, it was found that during certain influenza virus in-
fections CD27-deficient mice had an increased binding of te-

tramer on antigen-specific CD8� T cells on a per-cell basis than
WT mice, suggesting that CD27 promotes T cell responses with
low affinity (34). In this study, however, no differences in tetramer
binding were found on a per-cell basis on MCMV-specific CD8�

T cells between mice with abrogated CD27-CD70 interaction and
control mice (Fig. 3A).

To confirm the findings obtained with anti-CD70 blocking an-
tibodies, WT and CD27 gene-targeted knockout (CD27�/�) mice
(22) were infected with MCMV-Smith. Unexpectedly, several
days after infection, all knockout animals suffered from CMV dis-
ease, which was reminiscent of an NK cell defect, as these cells
limit early acute infection. The Ly49 gene cluster is in close prox-
imity to the targeted CD27 gene (�2 centimorgans [cM]), and
therefore we focused specifically on analyzing the Ly49H gene
product, since Ly49H (i) is deficient in the original mouse strain

FIG 1 Loss of CD27 expression uniquely identifies inflationary memory CD8� T cells. (A) WT mice were infected with 5 � 104 PFU MCMV-Smith, and at the
indicated times, the CD8� T cell responses to epitopes derived from MCMV proteins (M45, m139, M38, and IE3) were examined in blood. The graph shows the
frequency of MCMV-specific CD8� T cells for each epitope, identified using MHC class I tetramers. (B) Cell surface expression of CD27 on MCMV-specific
CD8� T cells. The graphs show the percentages of tetramer� CD8� T cells expressing CD27 and the mean fluorescence intensities (MFI) for CD27 of tetramer�

CD8� T cells. (C) Mice were infected with LCMV Armstrong or LCMV clone 13, and at the indicated times, the percentages of GP33- and NP396-specific CD8�

T cells in blood were determined by MHC class I tetramer staining. (D) Cell surface expression of CD27 on LCMV-specific CD8� T cells. The graphs show the
percentages of tetramer� CD8� T cells expressing CD27 and the MFI for CD27 of tetramer� CD8� T cells. (E) Representative histograms showing cell surface
expression of CD27 on tetramer� CD8� T cells 37 days after infection with MCMV-Smith, LCMV Armstrong, or LCMV clone 13. (F) Histogram showing
expression of CD27 on total CD8� T cells of naive WT or CD27�/� mice. CD27 expression on M38� CD8� T cells 37 days after infection with MCMV-Smith
is also shown. All experiments were performed twice with similar results. Data shown are mean values and standard errors of the means (SEM) (n 
 4).
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(129/Ola) that was used to generate the CD27�/� mice; and (ii) is
known to be important for NK cell activation during MCMV in-
fection in Ly49H� mice (such as C57BL/6 strains), due to its in-
teraction with the MCMV protein m157 (35). Although naive
CD27�/� mice contained normal absolute numbers of NK cells,
the NK cell receptor Ly49H was absent (Fig. 3C). Likely due to the
low chance of separation of the CD27 gene and the Ly49 gene
cluster, the Ly49H gene is missing in CD27�/� mice backcrossed
on a C57BL/6 background, which is consistent with a recent report
that showed that CD27�/� NK cells exhibit a 129/P2Ola-founded
NK cell repertoire (36). To overcome this defect of Ly49H-depen-
dent NK cell activation in CD27�/� mice upon MCMV infection,
an MCMV mutant lacking m157 (i.e., MCMV-�m157) was used.
MCMV-�m157 was generated on the MCMV BAC pSM3fr (37)

and is less virulent than the salivary gland-derived strain MCMV-
Smith. In line with the data obtained with the CD70 blockade, at
day 8 following infection the virus-specific CD8� T cell expansion
in the spleens, livers, and lungs of MCMV-�m157-infected
CD27�/� mice was reduced compared to that in infected WT mice
(Fig. 3D). Significantly decreased numbers of MCMV-specific
CD4� T cells were also observed in CD27�/� mice (data not
shown).

To determine if CD27-CD70 interactions are broadly impor-
tant for the expansion of CMV-specific T cells, additional re-
sponses were analyzed by intracellular IFN-� staining after pep-
tide restimulation. Initially, we verified that the percentages of
IFN-�-producing CD8� T cells correlated with the percentages of
class I tetramer� cells (Fig. 3E and F). As expected, the magnitudes

FIG 2 Viral control and MCMV-specific CD4� T cell expansion are dependent on CD27-CD70 costimulation. (A) WT mice infected with 1 � 104 PFU
MCMV-Smith were treated with blocking anti-CD70 (�-CD70) or control antibody. The graph shows the viral titers in the liver and lungs, determined by plaque
assays at day 3 postinfection (p.i.). (B) The absolute numbers of NK1.1� CD3� cells in the spleen were determined at day 3 postinfection. The graph shows means
and SEM (n 
 5 mice per group). (C) Representative plots showing expression of CD69 on NK1.1� CD3� cells from naive (gray filled histograms) and infected
(solid black lines) mice. Numbers indicate the percentages of NK1.1� CD3� cells positively stained for CD69. (D) At day 8 and day 30 postinfection, the viral
titers in the salivary glands were determined by plaque assays. (E) WT mice were infected with 5 � 104 PFU MCMV-Smith and were depleted of CD4� and CD8�

T cells by use of antibodies. The graph shows the viral titers in the salivary glands at day 8 postinfection. (F) WT mice infected with 1 � 104 PFU MCMV-Smith
were treated with blocking anti-CD70 (�-CD70) or control antibody, and at day 8 postinfection, the MCMV-specific CD4� T cell responses to m139, m142, and
M25 in the spleen were determined by intracellular cytokine staining. Representative flow cytometry plots show the frequencies of splenic CD4� T cells
producing IFN-� and TNF. The bar graph shows the absolute numbers of IFN-�-producing CD4� T cells (means � SEM). Fold differences are indicated.
Experiments were performed twice with similar results. For all experiments, the statistical significance of differences in viral titers was determined with the
Mann-Whitney test, and that for cellular responses was determined with the Student t test (*, P 	 0.05; n 
 4 or 5 mice per group).
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FIG 3 CD27-CD70 costimulation controls the magnitude of MCMV-specific CD8� T cells in acute infection. (A) Mice were infected with 1 � 104 PFU
MCMV-Smith, and a blocking anti-CD70 or control antibody was administered. At day 8 postinfection, splenic CD8� T cells were assessed for CD44 expression
and binding to MHC class I tetramers. Data shown are representative flow cytometry plots gated on CD8� T cells. Percentages in each quadrant and average MFI
of tetramer� CD44� cells are indicated. (B) Total numbers of splenic MCMV-specific CD8� T cells. Pooled data from two independent experiments are shown.
(C) Representative flow cytometry plots showing cell surface staining of DX5 and Ly49H on splenocytes of naive wild-type and naive CD27�/� mice. (D) WT and
CD27�/� mice were infected with 1 � 104 PFU MCMV-�m157, and at the indicated times, the MCMV-specific CD8� T cell responses were determined by MHC
class I tetramer staining. Graphs depict the total numbers of MCMV-specific CD8� T cells in the spleen, liver, and lungs on day 8 postinfection. Pooled data from
two independent experiments are shown. (E) WT mice were infected with 1 � 104 PFU MCMV-Smith, and a CD70-blocking or control antibody was
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of the M45- and m139-specific CD8� T cell responses as deter-
mined by IFN-� production were reduced 2- to 3-fold in mice
with abrogated CD27-CD70 interactions (Fig. 3G and H). CMV-
specific CD8� T cell responses against a number of noninflation-
ary epitopes (M57, M44, M33, M78, M86, and m141) were all
reduced in CD27�/� mice. However, the magnitude of the infla-
tionary IE3 response was not affected by CD70 blockade at day 8
postinfection. Together, these results show that CD27-CD70 co-
stimulation in acute MCMV infection is important predomi-
nantly for the expansion of MCMV-specific CD8� T cells that
establish stable memory T cell pools.

CD27-CD70 costimulation has a direct effect on the expan-
sion of MCMV-specific CD8� T cells. To examine if the reduced
expansion of the MCMV-specific CD8� T cell response in mice
with abrogated CD27-CD70 interaction was caused by direct ef-
fects through CD27 expression on CD8� T cells or due to another
mechanism (e.g., CD27 expression on other immune cells or ex-

posure to different viral titers), adoptive T cell transfers of con-
genically marked CD27-proficient (CD27�/� Ly5.1) CD8� T cells
and CD27-deficient (CD27�/� Ly5.2) CD8� T cells were per-
formed with the same host mice (Thy1.1), which were subse-
quently infected with MCMV-Smith (Fig. 4A). At day 8 postinfec-
tion, the M45- and m139-specific responses in the spleen were
reduced �3.5-fold for CD27�/� CD8� T cells in comparison with
WT CD8� T cells, indicating a direct role for CD8� T cell-ex-
pressed CD27. Similar results were observed when the recipient
mice were infected with MCMV-�m157 (data not shown), which
excludes possible effects of T cell-expressed Ly49H. In addition,
when naive CD27�/� and WT TCR transgenic OT-I cells were
adoptively transferred into naive congenic Ly5.1 host mice, the
percentage of WT OT-I cells observed in the blood at day 7 after
infection with MCMV-OVA was twice as high as the percentage of
CD27�/� OT-I cells (Fig. 4B).

To test the impact of CD27-CD70 costimulation on T cell di-

administered. At day 8 postinfection, the MCMV-specific CD8� T cell responses in the spleen were analyzed by intracellular cytokine staining upon peptide
restimulation. Data shown are representative flow cytometry plots of CD8� T cells producing IFN-�. Percentages are for CD8� IFN-�� T cells within the live
gate. (F) Percentages of tetramer� CD8� T cells versus IFN-�-producing CD8� T cells. (G) Total numbers of IFN-�� CD8� T cells per spleen. Fold differences
are indicated. Pooled data from two independent experiments are shown. (H) WT and CD27�/� mice were infected with 1 � 104 PFU MCMV-�m157. At day
8 postinfection, the MCMV-specific CD8� T cell responses in the spleen were determined by intracellular cytokine staining upon restimulation with the indicated
class I peptides. Fold differences are indicated. All bar graphs show means and SEM. Statistical significance was determined with the Student t test (*, P 	 0.05;
n 
 4 to 8).

FIG 4 CD27 costimulation directly influences the expansion of MCMV-specific CD8� T cells. (A) Schematic of adoptive transfer experiment. CD8� T cells were
isolated from CD27�/� Ly5.2� and CD27�/� Ly5.1� mice and subsequently transferred in a 1:1 ratio into naive Thy1.1 congenic hosts. Recipients were subsequently
infected with 1 � 104 PFU MCMV-Smith, and 8 days later, the MCMV-specific CD8� T cell responses in the spleen were determined by MHC class I tetramer staining.
The graph depicts total numbers of CD27�/� Ly5.2� and CD27�/� Ly5.1� T cells. Fold differences are indicated. Experiments were performed twice with similar results.
(B) A total of 2 � 103 CD45.2� naive CD27�/� or wild-type TCR transgenic OT-I cells were isolated and transferred into naive Ly5.1 recipients, which were subsequently
infected with 5 � 105 PFU MCMV-OVA. Cell surface staining was performed on the blood at 7 days postinfection. Representative flow cytometry plots show percentages
of Ly5.2 and V�2 within CD8� T cells. (C) Schematic of adoptive transfer experiment. CD8� T cells were isolated from naive CD27�/� and WT mice, labeled with CFSE,
and transferred into naive Ly5.1 mice, which were subsequently infected with 1 � 104 PFU MCMV-Smith. Representative flow cytometry plots show CFSE dilution of
CD45.2� T cells at day 3 postinfection. Cells were gated on CD45.2� and CD8� (n 
 4).
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FIG 5 CD27-CD70 interactions are important for the accumulation of inflationary memory CD8� T cells. (A and B) WT and CD27�/� mice were infected with
1 � 104 PFU MCMV-�m157. At day 30 (A) and day 130 (B) postinfection, the MCMV-specific CD8� T cell responses in the spleen were determined by MHC
class I tetramer staining. (C) At day 30 postinfection, the MCMV-specific CD4� T cell responses in the spleen were determined by intracellular cytokine staining
after restimulation with indicated class II-restricted peptides. (D) Kinetics of absolute numbers of MCMV-specific CD8� T cells in the spleen. (E) Kinetics of
normalized MCMV-specific CD8� T cell responses. MCMV-specific CD8� T cell responses in the spleen were normalized to the peak of the response at 8 days
postinfection, except for the IE3-specific response, which was normalized to the response on day 30 postinfection. The slopes of normalized expression curves
between days 30 to 60 and days 60 to 130 are indicated for inflationary responses. (F) WT and CD70Cre/Cre mice were infected with 1 � 104 and 5 � 104 PFU
MCMV-Smith at 60 days and 1 year postinfection, respectively, and the MCMV-specific CD8� T cell responses in the spleen were determined by intracellular
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vision, naive CFSE-labeled CD8� T cells of WT and CD27�/�

mice were transferred into naive congenic Ly5.1 mice, which were
subsequently infected with MCMV-Smith. Three days later, the
percentage of divided CD27�/� CD8� T cells was lower (average,
14.9% � 0.81%) than that of WT CD8� T cells (average, 26.9% �
2.47%) (Fig. 4C), indicating a direct impact of CD27 signals on T
cell division. Together, these data show that CD27 costimulation
acts directly on MCMV-specific CD8� T cells and promotes the
expansion of these cells during acute infection.

CD27-CD70 costimulation contributes to the inflation of
CMV-specific memory T cells. In persistent MCMV infection, the
T cell pool is dominated by cells that undergo memory T cell
inflation (15). To examine if CD27-CD70 interactions are critical
for the accumulation of inflationary memory T cells, T cell re-
sponses in wild-type and CD27�/� mice infected with MCMV-
�m157 were analyzed longitudinally. As observed in acute infec-
tion, M45- and m139-specific CD8� T cell responses in the spleen
were reduced in CD27�/� mice at day 30 postinfection (Fig. 5A).
Strikingly, the magnitude of the M38-specific CD8� T cell re-
sponse was also significantly lower in mice with abrogated CD27-
CD70 interactions. Moreover, the inflation of splenic IE3-specific
CD8� T cells between day 30 and day 130 was diminished in
CD27�/� mice (Fig. 5A, B, and D). Normalization of the kinetics
of MCMV-specific CD8� T cell responses confirmed that M38-
and IE3-specific CD8� T cell responses have a diminished infla-
tion pattern in chronic infection (Fig. 5E). Similar to what was
found at day 8 following infection, MCMV-specific CD4� T cell
responses were significantly reduced in CD27�/� mice during the
persistent phase, including the inflationary response against the
m09 epitope (Fig. 5C).

To corroborate the findings on the development of T cell re-
sponses during persistent infection obtained with CD27�/� mice
infected with MCMV-�m157, we performed additional experi-
ments with CD70Cre/Cre mice (23) infected with MCMV-Smith.
On day 60 following infection, the magnitudes of the noninfla-
tionary M45- and inflationary M38- and m139-specific CD8� T
cell responses were significantly decreased in CD70Cre/Cre mice
compared to wild-type mice (Fig. 5F). At later time points (�100
days postinfection), the accumulation of inflationary IE3-specific
T cells was also affected by the lack of CD27-CD70 costimulation
(Fig. 5F). Overall, these data show that CD27-CD70 costimulation
contributes to the development of both stable and inflationary T
cell responses during persistent CMV infection.

To examine the timing of importance of CD27-CD70 costimu-
lation relative to the development of CMV-specific T cell pools,
interactions between CD27 and CD70 were blocked with anti-
CD70 antibodies at several time points postinfection, and the
magnitudes of the MCMV-specific T cell responses were deter-
mined. Both acute and inflationary MCMV-specific T cell re-
sponses were severely reduced when CD27-CD70 interactions
were either continuously abrogated or blocked in the beginning of
infection. However, blocking of CD27-CD70 signals from day 15

to day 30 did not significantly alter the magnitudes of the MCMV-
specific CD8� T cell responses (Fig. 5G), indicating that CD27-
CD70 costimulation during this time postinfection has no critical
role. Blocking CD27-CD70 interactions from day 30 to day 60
following infection obstructed the inflationary CD8� T cell re-
sponses specific for m139 and IE3 (Fig. 5H).

Long-term administration of allogeneic IgG, such as rat IgG, in
mice can result in rapidly cleared immune complexes and conse-
quent loss of efficacy. To test whether FR70 (rat anti-mouse
CD70) could still be detected in the sera of mice that received
long-term treatment with this antibody, a rat IgG-specific ELISA
was performed. In all infected mice that received anti-CD70 anti-
body, levels of rat IgG of up to 600 ng/ml were detected in the
serum (data not shown), indicating the presence of circulating
FR70 despite long-term administration. In infected mice that did
not receive antibody, rat IgG was not measurable. In conclusion,
CD27-CD70 costimulation influences the magnitude of the
MCMV-specific CD8� T cell pool mainly in the beginning of in-
fection and is also moderately implicated in the accumulation of
inflationary MCMV-specific CD8� T cells during persistent
MCMV infection.

The downmodulation of CD27 on MCMV-specific CD8� T
cells is ligand independent. The expression of CD27 can be
downregulated by interaction with its ligand CD70 and upon re-
peated antigenic stimulation (38–40). To determine if the loss of
CD27 expression observed for inflationary T cells in chronic
MCMV infection is mediated by CD70, combined tetramer and
CD27 staining was performed for mice in which CD27-CD70 in-
teraction was abrogated with a blocking anti-CD70 antibody. At
day 30 postinfection, in anti-CD70 and control antibody-treated
mice, the inflationary M38-specific CD8� T cells that were present
in blood, but also in the spleen and lungs, had a loss of CD27
expression, while the noninflationary M45-specific CD8� T cells
expressed high levels of CD27 (Fig. 6A). Importantly, anti-CD70
and control antibody-treated mice had similar levels of CD27 on
these MCMV-specific CD8� T cell populations (Fig. 6A), and
these results were recapitulated in CD70Cre/Cre mice (Fig. 6B), sug-
gesting that the loss of CD27 expression during CMV infection is
not mediated by interaction with CD70 but by persistent antigenic
stimulation.

Effects of CD27-CD70 costimulation on cell surface mole-
cules of CMV-specific CD8� T cells. To examine whether CD27-
CD70 costimulation influences the differentiation and activation
condition of MCMV-specific T cells, the expression of cell surface
molecules on MHC class I tetramer-binding CD8� T cells was
analyzed. A significant reduction in the expression of CD127 (IL-7
receptor alpha [IL-7R�]) was found at day 8 postinfection, on
both stable and inflationary T cells (Fig. 7A and B), for mice
treated with anti-CD70 antibody compared to control antibody-
treated mice. Cell surface molecules involved in T cell migration
(CD44, CD62L, and CXCR3), activation (KLRG1), costimulation
(CD27 and PD-1), and IL-2 signaling (CD25) were not differen-

IFN-�� staining. (G) Mice were infected with 1 � 104 PFU MCMV-Smith and received the blocking anti-CD70 antibody from days �1 to 30, days �1 to 3, or
days 15 to 30 following infection. At day 30 postinfection, the MCMV-specific CD8� T cell responses in the spleen were determined by intracellular IFN-��

staining. Pooled data from three independent experiments are shown as means � SEM. (H) Mice were infected with 1 � 104 PFU MCMV-Smith and received
a blocking anti-CD70 or control antibody from day 30 to day 60 following infection. At day 60 postinfection, the MCMV-specific CD8� T cell responses in the
spleen were determined by intracellular cytokine staining. All bar graphs show means � SEM, and fold differences are indicated. Statistical significance was
determined with the Student t test (*, P 	 0.05; n 
 5 to 12).
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tially expressed (Fig. 7A). Also, in MCMV-�m157-infected
CD27�/� mice, the expression levels of CD127 but not other cell
surface molecules were decreased (data not shown). During
chronic infection, no differences in the expression of CD127 (as

well as other markers, including CD44, CD62L, and KLRG1) were
found between WT and CD27�/� mice (data not shown).

To examine whether the decreased CD127 expression at early
time points postinfection was due to a direct effect of CD27 trig-

FIG 6 Downmodulation of CD27 on MCMV-specific CD8� T cells is not dependent on interaction with CD70. (A and B) The expression of CD27 on splenic
MHC class I-binding CD8� T cells during chronic MCMV infection was determined by cell surface staining of cells from mice that received a blocking anti-CD70
antibody (solid black lines) or a control antibody (filled gray histograms) from days 0 to 30 postinfection (A) and for CD70Cre/Cre (solid black lines) and wild-type
(filled gray histograms) mice (B). The MFI of CD27 expression on tetramer� CD8� T cells are indicated. Representative histograms for one of five mice are
shown.

FIG 7 Effects of CD27-CD70 costimulation on the phenotype of MCMV-specific CD8� T cells. (A) Mice were infected with 1 � 104 PFU MCMV-Smith, and
a blocking anti-CD70 or control antibody was administered. At day 8 postinfection, the phenotype of splenic CD8� T cells was assessed. Representative histogram
plots show cell surface expression of the indicated markers on gated MHC class I tetramer-binding CD8� T cells from anti-CD70 (solid black lines) or control
(filled gray histograms) antibody-treated mice. (B) Percentages of tetramer� CD8� T cells expressing CD127. Pooled data from two independent experiments
are shown as means � SEM. (C) Schematic of experimental setup. CD8� T cells were isolated from naive CD27�/� Ly5.2 and CD27�/� Ly5.1 mice and
transferred 1:1 into naive Thy1.1 recipients, which were subsequently infected with 1 � 104 PFU MCMV-Smith. Representative histograms show CD127
expression on gated tetramer� CD27�/� Ly5.2 (solid black lines) and CD27�/� Ly5.1 (filled gray histograms) CD8� T cells at day 8 postinfection. Experiments
were performed twice with similar results. For all experiments, statistical significance was determined with the Student t test (*, P 	 0.05; n 
 3 to 8).
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gering on CD8� T cells or due to other mechanisms (e.g., differ-
ences in viral load), we performed an adoptive transfer experi-
ment in which both CD27�/� CD8� T cells and CD27�/� CD8�

T cells were transferred into the same host, which was subse-
quently infected with MCMV-Smith (Fig. 7C). We found that the
expression levels of CD127 were similar on the adoptively trans-
ferred CD27�/� and CD27�/� tetramer� CD8� T cells. Similar
results were found when recipient mice were infected with
MCMV-�m157 (data not shown). Together, these results indicate
that CD27 signaling does not have a direct effect on the expression
of CD127.

CD27 costimulation contributes to autocrine IL-2 produc-
tion by CMV-specific T cells. To determine whether CD27-CD70
interactions influence the polyfunctional cytokine capacity of
CMV-specific T cells, the ability of IFN-�� CD8� T cells to co-

produce IL-2 and TNF was examined by multicolor intracellular
cytokine staining. At day 8 postinfection, the percentages of
IFN-�� CD8� cells coproducing TNF were not influenced by
CD70 abrogation, but the percentages of IL-2� cells within non-
inflationary and inflationary IFN-�� CD8� T cell populations
were severely compromised. Calculation of the total numbers of
IFN-�� CD8� cells coproducing TNF and IL-2 clearly confirmed
the selective loss of IL-2-producing cells due to the lack of CD27-
CD70 costimulation (Fig. 8A to C). Experiments performed with
CD27�/� mice recapitulated these results (data not shown). Ad-
ditionally, at day 30 postinfection, the IL-2 production of MCMV-
specific CD8� T cells was diminished in CD27�/� mice compared
to WT mice (Fig. 8D). Blocking of CD27-CD70 interactions at late
time points postinfection showed that the IL-2 production was
affected mainly when CD70-driven costimulation was abrogated

FIG 8 CD27-CD70 costimulation influences autocrine IL-2 production of both noninflationary and inflationary CD8� T cell populations. (A to C) Mice were
infected with 1 � 104 PFU MCMV-Smith, and a blocking anti-CD70 or control antibody was administered. At 8 days postinfection, the MCMV-specific CD8�

T cell responses in the spleen were analyzed by intracellular cytokine staining upon peptide restimulation. (A) Representative flow cytometry plots showing
intracellular TNF and IFN-� production by splenic CD8� T cells after restimulation with the indicated class I peptides at day 8 postinfection. Percentages of
TNF� IFN-�� and IFN-�� cells are indicated. (B) Representative flow cytometry plots showing intracellular IL-2 and IFN-� production by splenic CD8� T cells
after restimulation with the indicated class I peptides at day 8 postinfection. Percentages of IL-2� IFN-�� and IFN-�� cells are indicated. (C) Percentages of IL-2-
or TNF-producing cells within the IFN-�� CD8� T cells and total numbers of IFN-�� IL-2� or IFN-�� TNF� CD8� T cells per spleen. Fold differences are
indicated. Pooled data from two independent experiments are shown. (D) Wild-type and CD27�/� mice were infected with 1 � 104 PFU MCMV-�m157, and
at day 30 postinfection, the percentage of IFN-�� CD8� T cells coproducing IL-2 in the spleen was determined by intracellular cytokine staining. Pooled data
from two independent experiments are shown. (E) WT and CD27�/� mice received differentially labeled target cells, at days 8 and 30 postinfection, that were
unloaded or loaded with M45, M38, or IE3. The graphs show the percentages of target cells that were killed after 3 h (day 8) or 5 h (day 30). For all experiments,
bar graphs show means and SEM. Statistical significance was determined with the Student t test (*, P 	 0.05; n 
 4 to 8).
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in the beginning of infection (data not shown). Together, these
data show that CD27-CD70 interactions are critical early in CMV
infection for the production of autocrine IL-2 by CD8� T cells
throughout infection.

The functional killing capacity of CD8� T cells at day 8 and day
30 postinfection was assessed by an in vivo cytotoxicity assay and
showed that target cells pulsed with M45 or M38 peptide-loaded
splenocytes were killed less efficiently in CD27�/� mice than in
WT mice (Fig. 8E). No differences in the killing of IE3-loaded
target cells were found at 30 days postinfection, which is likely
linked to the numbers of specific CD8� T cells.

CD27-CD70 costimulation is important for the secondary
expansion of CMV-specific CD8� T cells. The ability to rapidly
respond to a secondary infection is a hallmark of memory T cells
(41). In CMV infection, high levels of effector memory T cells are
maintained, but nevertheless, adequate reinfection with CMV is
possible (11). Adoptive transfer experiments were performed to
examine if CD27 costimulation is involved in the secondary ex-
pansion of MCMV-specific memory CD8� T cells. M45- and
M38-specific CD8� T cells were isolated from persistently
MCMV-infected CD27�/� or CD27�/� mice, and equivalent
numbers of CD27-proficient or -deficient cells were transferred
into naive congenic Thy1.1 host mice, which were subsequently
infected with MCMV-Smith. The secondary expansion of M45-
specific CD27�/� CD8� T cells was reduced 4.4-fold in compari-

son with that of CD27-proficient cells. The expansion of CD27�/�

M38-specific T cells was also reduced, albeit to a lesser extent
(�2.5-fold) (Fig. 9A). In addition, CD27�/� but not WT TCR
transgenic OT-I cells failed to expand after reinfection with
MCMV-OVA 6 months after primary infection (data not shown).
These results show that secondary CD8� T cell expansion is de-
pendent on CD27, which is consistent with other reports (22,
42, 43).

To examine the influence of a potential “programming” effect
of CD27 in the priming phase on the capacity to divide upon
rechallenge, additional adoptive transfer experiments were per-
formed. M38-specific CD8� T cells were isolated from latently
infected Thy1.1 donor mice and transferred into Thy1.2 hosts that
were treated with either anti-CD70 or control antibody. All recip-
ient mice were subsequently infected with MCMV-Smith. At 7
days postinfection, the M38-specific CD8� T cell response in con-
trol antibody-treated mice was increased compared to that in mice
with abrogated CD27-CD70 interactions (Fig. 9B). Together,
these data show that CD27-CD70 costimulation is important
throughout infection and during rechallenge for the secondary
expansion of MCMV-specific CD8� T cells.

DISCUSSION

CD27 expression is commonly used as an important marker for
lymphocyte subsets, and the loss of CD27 on circulating T cells

FIG 9 CD27-CD70 costimulation is important for secondary expansion of MCMV-specific CD8� T cells. (A) WT and CD27�/� mice were infected with 1 �
104 PFU MCMV-�m157. At day 45 postinfection, M45 and M38 tetramer� cells were isolated from the spleen and transferred into naive Thy1.1 hosts, which
were subsequently infected with 1 � 104 PFU MCMV-Smith. On day 7 after infection, the expansion of donor M45- and M38-specific CD8� T cells in the spleen
was determined by MHC class I tetramer staining. The fold expansion of WT and CD27�/� M45- and M38-specific CD8� T cells was determined by dividing the
absolute numbers of Thy1.2� tetramer� CD8� T cells by the number of cells that were used for the adoptive transfer. Fold differences are indicated. (B) Thy1.1
donor mice were infected with 1 � 104 PFU MCMV-Smith, and at day 45 postinfection, splenic M38 tetramer� cells were transferred into naive Thy1.2 hosts,
which were subsequently infected with 1 � 104 PFU MCMV-Smith. Before and during infection, mice received a blocking anti-CD70 or control antibody. At day
7 postinfection, the fold expansion of M38-specific CD8� Thy1.1� T cells was determined. Fold differences are indicated. All bar graphs show means and SEM.
Statistical significance was determined by the Student t test (*, P 	 0.05; n 
 4).
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seems to be associated uniquely with HCMV seropositivity (20).
By using a relevant experimental CMV model, we underscore this
finding and further show that CD27 loss occurs specifically on
inflationary memory T cells and is not dependent on interaction
with its ligand, CD70. During acute infection, CD27-CD70 co-
stimulation enhances the expansion of MCMV-specific CD4�

and CD8� T cells, likely related to direct effects on cell division
and survival (44–46). Moreover, CD27-CD70 interactions are re-
quired for both the establishment of MCMV-specific stable mem-
ory T cell pools and the accumulation of inflationary T cells. The
finding that the secondary expansion of CMV-specific T cells was
also compromised by the lack of CD27-CD70 costimulation dur-
ing priming and rechallenge underlines the importance of this
costimulatory receptor-ligand pair against recurrent infections.

Differential requirements of costimulatory molecules for the
generation of CMV-specific memory T cell pools have been re-
ported. Interactions between CD28, expressed on naive T cells,
and its ligands B7.1 (CD80) and B7.2 (CD86) are not strictly re-
quired for memory T cell inflation but are important for primary
T cell expansion and the development of stable memory pools (28,
29). In contrast, the costimulatory TNF receptor (TNFR) family
members 4-1BB and OX40, which are upregulated on T cells upon
TCR triggering, contribute predominantly to the accumulation of
inflationary T cells during the persistent phase (47, 48). This indi-
cates a spatiotemporal disparity between the requirements for dif-
ferent costimulatory signals and places CD27, as an important
molecule during both acute and persistent infections, in a prom-
inent role for the development of CMV-specific T cell immunity
(see the model depicted in Fig. 10).

The current view is that inflationary T cells are continuously
exposed to low levels of viral antigens presented by latently in-
fected nonhematopoietic cells (15, 49–51). The downmodulation
of CD27 is most likely also related to such repeated antigenic stim-
ulation. Supporting this notion is the observation that in patients
who shed HCMV in the urine for extended periods, which indi-
cates an active infection, increased frequencies of circulating
CD27� CD8� T cells are found compared to those of patients with
HCMV-negative urine cultures (52). The particular loss of CD27

expression during persistent MCMV infection on inflationary
rather than noninflationary memory CD8� T cells raises the ques-
tion of whether this also occurs during HCMV infection.

Consistent with the results from Peperzak et al. (53), we found
diminished autocrine IL-2 production when CD27-CD70 inter-
actions were abrogated. Whether this decrease in autocrine IL-2
production by T cells is instructed exclusively by CD27 or other
(co)stimulatory signals which also influence IL-2 production (29),
such as CD28, are (partly) complementary or redundant remains
to be elucidated. The recent finding that autocrine IL-2 produc-
tion is critical for the secondary expansion of memory CD8� T
cells (54) indicates that the observed reduced IL-2 production of
CD27�/� memory T cells might be involved in the reduced sec-
ondary expansion of these cells upon reinfection with CMV. In
this respect, it is interesting that inflationary T cells produce less
autocrine IL-2 than stable memory T cells (14), consistent with the
fold difference observed in secondary expansion between stable
and inflationary T cells.

During acute infections caused by vesicular stomatitis virus,
vaccinia virus, and Listeria monocytogenes, the primary expansion
of CD8� T cell responses depends on CD27-CD70 interactions
(55), whereas depending on the strain of influenza virus, a contri-
bution of CD27-CD70 interactions to T cell expansion was ob-
served during rechallenge and, to a lesser extent, during primary
acute infection (22, 34). Furthermore, highly virulent vaccinia vi-
rus strains that engage CD27 elicit large numbers of protective
memory CD8� T cells, whereas strains exhibiting reduced viru-
lence do not employ CD27 and elicit a weak memory CD8� T cell
response (56). During chronic LCMV infection, effects of CD27-
CD70 costimulation can, however, result in detrimental effects on
adaptive immunity (57–59). In this respect, it is interesting that in
a transgenic mouse model of constitutive CD27 triggering (60),
progressive effector T cell formation occurs, which is accelerated
by the absence of CD95-mediated T cell death (61) and eventually
results in a lethal immunodeficiency (62). The current study
shows that during CMV infection, considered a low-level persis-
tent infection, CD27 has a valuable impact on both the primary
and secondary expansion of virus-specific T cells. Thus, CD27-
CD70 interactions are highly beneficial during acute and low-level
persistent infections, but during highly active chronic infections,
stimulation of this costimulatory pathway may lead to an unfa-
vorable outcome with respect to T cell immunity.

In summary, we show that CD27-CD70 costimulatory sig-
nals are crucial for the development of both noninflationary
and inflationary T cell pools during acute and persistent infec-
tions. Targeting this costimulatory pathway could be beneficial
to advance cellular immunotherapy in individuals suffering
from severe HCMV disease. Furthermore, due to the high fre-
quency of CMV-specific (inflationary) effector memory T cells
throughout infection, CMV is an interesting candidate to ex-
ploit as a vaccine vector. CMV-based vectors containing simian
immunodeficiency virus (SIV) proteins have been used suc-
cessfully in macaque studies, with the vaccinated macaques
showing enhanced viral control upon SIV challenge and pro-
tection from severe disease for a prolonged period (63). The
efficacy of such CMV-based vaccines might be improved by
targeting CD27-CD70 costimulation, given its role in the
maintenance of inflationary effector memory pools.

FIG 10 Model for the role of costimulatory molecules in the development of
CMV-specific T cell immunity. T cell costimulation is important for the de-
velopment of MCMV-specific inflationary and noninflationary T cell re-
sponses. Whereas CD28-B7 costimulatory interactions are important pre-
dominantly during the acute phase of infection, 4-1BB- and OX40-mediated
costimulation is important for memory T cell inflation during the persistent
phase. CD27-CD70 costimulation is important for both inflationary and non-
inflationary T cell responses during the course of acute and persistent infec-
tions.
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